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A cell wall-bound anionic peroxidase, PtrPO21, is involved
in lignin polymerization in Populus trichocarpa
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Abstract Class III peroxidases are members of a large plant-
specific sequence-heterogeneous protein family. Several
sequence-conserved homologs have been associated with lig-
nin polymerization in Arabidopsis thaliana, Oryza sativa,
Nicotiana tabacum, Zinnia elegans, Picea abies, and Pinus
sylvestris. In Populus trichocarpa, a model species for studies
of wood formation, the peroxidases involved in lignin biosyn-
thesis have not yet been identified. To do this, we retrieved
sequences of all PtrPOs from Peroxibase and conducted
RNA-seq to identify candidates. Transcripts from 42 PtrPOs
were detected in stem differentiating xylem (SDX) and four of
them are the most xylem-abundant (PtrPO12, PtrPO21,
PtrPO42, and PtrPO64). PtrPO21 shows xylem-specific ex-
pression similar to that of genes encoding the monolignol
biosynthetic enzymes. Using protein cleavage-isotope dilu-
tion mass spectrometry, PtrPO21 is detected only in the cell

wall fraction and not in the soluble fraction. Downregulated
transgenics of PtrPO21 have a lignin reduction of ~20 % with
subunit composition (S/G ratio) similar to wild type. The
transgenics show a growth reduction and reddish color of stem
wood. The modulus of elasticity (MOE) of the stems of the
downregulated PtrPO21-line 8 can be reduced to ~60 % of
wild type. Differentially expressed gene (DEG) analysis of
PtrPO21 downregulated transgenics identified a significant
overexpression of PtPrx35, suggesting a compensatory effect
within the peroxidase family. No significant changes in the
expression of the 49 P. trichocarpa laccases (PtrLACs) were
observed.
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Introduction

The evolution of lignin, a highly abundant plant phenolic
polymer, enabled vascular plants to dominate terrestrial eco-
systems (Lockhart 2013). Lignin provides mechanical
strength, hydrophobicity, and pathogen resistance to second-
ary plant cell walls and limits the natural decay of plant tissue
(Fry andWhite 1938; Sarkanen and Ludwig 1972; Vance et al.
1980; Koch et al. 2004). However, the deposition of lignin in
plant cell walls limits the utilization of plant biomass, there-
fore requiring harsh chemical treatment for delignification
(Novaes et al. 2010). Decreasing lignin content or modifying
lignin structure can reduce the recalcitrance of biomass and
increase the yield of extractable cellulose and fermentable
sugars for pulp and paper or biofuel production (Hu et al.
1999; Eckardt 2002; Li et al. 2003a; Chen and Dixon 2007;
Studer et al. 2011).

Lignin is principally polymerized from three monolignols
(4-coumaryl, coniferyl, and sinapyl alcohols), which become
monomeric subunits in lignin known as 4-hydroxyphenyl (H),
guaiacyl (G), and syringyl (S) subunits, respectively (Higuchi
1997). In angiosperms, such as Populus trichocarpa, lignin is
composed mainly of S and G subunits (S/G ratio is ~2) with a
trace of H subunits. Combinatorial radical coupling of
monolignols catalyzed by peroxidases and laccases is widely
accepted as the current model for lignin polymerization
(Erdtman 1933; Freudenberg 1959; Freudenberg 1965;
Harkin and Obst 1973; Adler 1977; Higuchi 1985;
Sterjiades et al. 1992; O’Malley et al. 1993; Dean and
Eriksson 1994; Takahama 1995; Richardson et al. 1997; Ros
Barcelo 1997; Hatfield and Vermerris 2001; Ralph et al. 2004;
Weng et al. 2008; Zhao et al. 2013).

Plant peroxidases are heme-containing oxidases (Koua
et al. 2009). Higher plants contain class I (EC 1.11.1.11) and
class III (EC 1.11.1.7) peroxidases. Class I peroxidases are
intracellular peroxidases, such as ascorbate peroxidase (AP),
which removes hydrogen peroxides in the chloroplasts and the
cytosol (Sharma and Dubey 2004). Class III peroxidases are
plant-specific peroxidases, which can be secreted into the
plant cell wall. They are not found in unicellular green algae,
which do not produce lignin (Passardi et al. 2004).

Class III peroxidases participate in many cellular processes,
such as removal of hydrogen peroxides, oxidation of toxic
compounds, suberization, plant hormone metabolism, salt tol-
erance, senescence, pathogen resistance, wound healing, as
well as cell wall biosynthesis (Lovrekovich et al. 1968;
Espelie and Kolattukudy 1985; Fry 1986; Abeles et al. 1988;
Campa 1991; Gazaryan et al. 1996; Lagrimini et al. 1997;
Whetten et al. 1998; Amaya et al. 1999; Bernards et al. 1999;
Llorente et al. 2002; Allison and Schultz 2004; Bernards et al.
2004). In plants, class III peroxidases comprise a large multi-
genic family resulting from multiple duplication events, sug-
gesting functional redundancy among peroxidase genes

(Hiraga et al. 2001; Duroux and Welinder 2003; Passardi
et al. 2004). The class III peroxidase gene families have been
described in several plant species, such as Arabidopsis thaliana
(73 genes) (Ostergaard et al. 1998; Tognolli et al. 2002; Cosio
and Dunand 2009), Oryza sativa (138 genes) (Passardi et al.
2004), P. trichocarpa (95 genes) (Ren et al. 2014),
Physcomitrella patens (43 genes) and Selaginella
moellendorffii (79 genes) (Weng and Chapple 2010).

Since 1967, peroxidases have been implicated in lignifica-
tion (Nakamura 1967; Harkin and Obst 1973; Whetten et al.
1998). Lignin-associated peroxidases have been identified in
Lycopersicon esculentum (tomato) (Botella et al. 1994;
Quiroga et al. 2000), Phaseolus vulgaris (French bean)
(Smith et al. 1994), Nicotiana tabacum (tobacco) (Lagrimini
et al. 1987; Blee et al. 2003), A. thaliana (Ostergaard et al.
2000; Nielsen et al. 2001; Herrero et al. 2013b; Shigeto et al.
2013), Zinnia elegans (Masuda et al. 1983; Sato et al. 1995;
Gabaldon et al. 2005; Gabaldón et al. 2006; Sato et al. 2006),
poplars (Osakabe et al. 1995; Christensen et al. 1998;
Tsutsumi et al. 1998; Christensen et al. 2001b; Aoyama
et al. 2002; Sasaki et al. 2004; Sasaki et al. 2006; Sasaki
et al. 2008), and other tree species, such as Picea abies
(Norway spruce) and Pinus sylvestris (Scots pine) (Polle et
al. 1994; Fagerstedt et al. 1998; McDougall 2001; Kärkönen
et al. 2002; Koutaniemi et al. 2005; Marjamaa et al. 2006;
Koutaniemi et al. 2007; Fagerstedt et al. 2010).

Direct functional evidence for involvement of peroxidases in
lignin biosynthesis has come from studies of mutants and trans-
genic plants (Supplemental Table S1). Overexpression of a to-
mato peroxidase (TPX1) leads to a 40–220 % increase in lignin
content in tomato (El Mansouri et al. 1999). Tobacco with
downregulation of peroxidase TP60 had a 50 % reduction of
lignin affecting both S and G subunits (Blee et al. 2003).
Another TP60 downregulated tobacco with lignin content re-
duction of 23 % showed a reduction in the number of vessels
and a striking enlargement in diameter of surrounding fibers
(Kavousi et al. 2010). Downregulation of prxA3a in Populus
sieboldii x Populus grandidentata reduced lignin content by 10–
20 % (Li et al. 2003b). Arabidopsis mutations in peroxidases
(AtPrx53, AtPrx2, AtPrx25, AtPrx71, and AtPrx72) all show
significant reduction in lignin content (Ostergaard et al. 2000;
Herrero et al. 2013b; Shigeto et al. 2013). However, different
results from transgenic plants of other species make the role of
peroxidases in lignin biosynthesis more problematic.
Downregulation of the TP02 in tobacco to 40–80 % of wild
type resulted in no significant change in lignin levels
(McIntyre et al. 1996). Suppression of Pox25, Pox29 and
Pox36 in P. sieboldii x P. grandidentata showed no significant
reduction of lignin level (Tamura et al. 2001). These results are
confounded by gene redundancy. More work is needed to learn
the nature and extent of gene specific effects. Since 2004, a
cationic cell-wall-peroxidase (CWPO-C) from Populus alba
has been proposed for lignification (Sasaki et al. 2004; Sasaki
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et al. 2006; Sasaki et al. 2008). However, transgenics with per-
turbation of CWPO-C have not yet been produced and its role
remains to be determined.

P. trichocarpa has been amodel for studyingwood formation
because of its rapid growth and because its genome sequence is
known (Tuskan et al. 2006). All the monolignol biosynthetic
enzymes have been identified in P. trichocarpa based on
xylem-specific expression (Shi et al. 2010) and most of these
enzymes have been characterized in detail (Wang et al. 2014).
However, the P. trichocarpa class III peroxidases (PtrPOs) for
lignin biosynthesis have not yet been identified. The only perox-
idase proposed for lignin biosynthesis in P. trichocarpa is PXP3-
4, which showed no effect on lignin content and no phenotype
when it was overexpressed 800-fold (Christensen et al. 2001a).

In this study, we aimed to identify class III peroxidases in
P. trichocarpa involved in lignin biosynthesis using a more
systematic search and to validate the candidates using
transgenesis. Based on transcriptome analysis of different tis-
sues, four PtrPOs (PtrPO12, PtrPO21, PtrPO42, and PtrPO64)
were identified as the most xylem-abundant peroxidases.
PtrPO21 showed xylem-specific expression similar to that of
the genes encoding the monolignol biosynthetic enzymes.
Using protein cleavage-isotope dilution mass spectrometry
(PC-IDMS), RNA interference (RNAi) transgenesis, modulus
of elasticity (MOE) measurements, and cell wall component
analysis, PtrPO21 was identified as a cell wall-bound anionic
peroxidase that may play an essential role in lignin biosynthesis.

Results

Identification of class III peroxidases in the genome of
P. trichocarpa

A total of 101 P. trichocarpa class III peroxidases (PtrPOs)
were retrieved from PeroxiBase (http://peroxibase.toulouse.
inra.fr/) as candidates for lignin peroxidases. The list was
shortened to 87 PtrPOs because 12 are pseudogenes and 2
are redundant gene records (See Supplemental Table S2).
Then, we compared our list by sequence alignment to the 93
peroxidases studied by Ren et al. (2014). One extra peroxi-
dase, PRX81, was included because it is a known functional
peroxidase (Ren et al. 2014; See Supplemental Table S2). We
also included PtPrx25, 28, 72 and 76 that were not included by
Ren et al. (2014) (the PtPrx nomenclature for P. trichocarpa
peroxidases follows Ren et al. 2014). After manual editing, a
total of 88 PtrPOs were selected for this study.

PtrPO21 is a xylem-abundant and xylem-specific class III
peroxidase in P. trichocarpa

To identify peroxidases functionally associated with lignin
polymerization, we carried out transcriptome analysis to

determine if transcripts of these 88 PtrPOs were detectable
in the stem differentiating xylem (SDX) of P. trichocarpa
(see BMaterials and Methods^). Based on SDX RNA-seq data,
46 PtrPOs had no detectable transcripts in SDX andwere exclud-
ed from further study. Of the remaining 42 PtrPOs, seven have
abundant transcripts in P. trichocarpa SDX (Fig. 1). PtrPO42
accounts for 47.4 % of the total class III peroxidase transcripts,
PtrPO12 for 35.1 %, PtrPO64 for 3.7 %, PtrPO21 for 3.1 %,
PtPrx01 for 2.4 %, PtPrx26 for 2.2 %, and PtPrx18 for 2.0 %
(Fig. 1). The remaining 35 PtrPOs represent 4.0 % of the total.

We further narrowed down the list of candidates of putative
lignin peroxidases by tissue specificity. Transcript abundance
of the 42 PtrPOs in SDX was compared to the transcript abun-
dance in three other tissues, phloem (P), leaf (L), and young
stem (S) (Fig. 2). Compared to the transcript pattern of the
well-known xylem-specific monolignol biosynthetic genes,
4-coumaric acid: coenzyme A (CoA) ligases (Ptr4CL3 and
Ptr4CL5) and hydroxycinnamoyl-CoA: shikimic acid
hydroxycinnamoyl transferases (PtrHCT1 and PtrHCT6)
(Fig. 2, bottom), five PtrPOs were identified as SDX-specific,
which are PtrPO21, PtPrx15, PtPrx19, PtPrx37, and PtPrx82.
Among these 5 xylem-specific PtrPOs, the transcript abun-
dance of PtrPO21 is the highest and the transcript level is up
to 255-fold more than the other 4 SDX-specific PtrPOs
(PtPrx15, PtPrx19, PtPrx37, and PtPrx82). Therefore, we se-
lected PtrPO21 as the best candidate of the xylem-abundant
and xylem-specific peroxidases in P. trichocarpa (Figs. 1 and
2) for a role in lignin polymerization.

PtrPO21 shares conserved structural motifs
with the coniferyl alcohol-specific peroxidase from A.
thaliana and the sinapyl alcohol-specific peroxidase
from Z. elegans

The amino acid sequence of PtrPO21 was compared to classic
lignin peroxidases, the coniferyl alcohol (G)-specific

Fig. 1 The quantification of transcript abundance of the 42 detectable
class III peroxidases in the SDX of P. trichocarpa. Accession numbers of
all PtrPOs are listed in Supplemental Table S2
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peroxidase (ATP-A2) from A. thaliana (Ostergaard et al.
2000) and the sinapyl alcohol (S)-specific peroxidase
(ZePrx) from Z. elegans (Gabaldon et al. 2005) to identify
conserved structural motifs (Fig. 3a). Although the amino acid

identity of PtrPO21 and ATP-A2 (32.4 %) or ZePrx (33.2 %) is
low, the alignment still showed several conserved amino acids
in active sites (black arrow head in Fig. 3b), substrate-binding
sites (red dot in Fig. 3b), and a signature structural motif for

Fig. 2 Transcript abundance of the 42 detectable class III peroxidases in
different tissues in P. trichocarpa and SDX-specific expressed
monolignol biosynthetic genes (Ptr4CL3, Ptr4CL5, Ptr4HCT1, and
PtrHCT6). Transcript levels were counted from RNA-seq as RPM

(reads per million) and the arrangement of 42 PtrPOs (left to right, top
to bottom) is according to the transcript level (high to low) in SDX. X,
SDX; P, phloem; L, leaf; S, young stem. Error bars represent one SE of
three replicates
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G- or S-specific peroxidase (green bar in Fig. 3b) (Barceló
et al. 2004).

PtrPO21 is an unusual anionic peroxidase in the stem
differentiating xylem

Many plant peroxidases have been fractionated and character-
ized according to their isoelectric points (pI) (Zimmerlin et al.
1994; Christensen et al. 1998; Carpin et al. 1999; Quiroga
et al. 2000; Gabaldon et al. 2005). Anionic peroxidases
(pI <7) were considered to contribute to the cell wall peroxi-
dase activity and lignin polymerization, while cationic perox-
idases (pI>7) were implicated in auxin catabolism (Mader
1980; Campa 1991; Lagrimini et al. 1993; Aoyama et al.
2002). Plant peroxidases are also divided into cell wall or

vacuolar types based on the presence or absence of a C-
terminal extension peptide, which may function as a vacuolar
sorting signal (VSS) (Matsui et al. 2011). Vacuolar peroxi-
dases may function in defense against abiotic and biotic stress-
es (Ostergaard et al. 2000; Sasaki et al. 2004; Gabaldon et al.
2005; Bindschedler et al. 2006; Ren et al. 2014).

We compared the amino acid identity of PtrPO21 to lignin
peroxidases from tomato, French bean, Z. elegans, tobacco,
Arabidopsis, hybrid aspen (P. sieboldii x P. grandidentata),
P. trichocarpa, and P. alba (Table 1). PtrPO21 showed about
30 % identity to most lignin peroxidases, except for higher
identity of 53.9 % with TP60 in tobacco (underlined in
Table 2). However, PtrPO21 is an anionic peroxidase with a
pI of 5.87 and TP60 is a cationic peroxidase with a pI of 8.89
(Table 1). Two poplar peroxidases (prxA3a and PXP3-4)

Fig. 3 Amino acid alignment of
PtrPO21, the classic G peroxidase
(ATP-A2) and the classic S
peroxidase (ZePrx). a Identical
amino acids are in yellow and
conserved substitutions are in
cyan. b Diagram of the primary
structure of PtrPO21 protein. The
structural motifs are indicated as
active site (black box and arrow
head), substrate-binding site (red
box and dot) and S or G
peroxidase structural motif (green
box and bar)

Table 1 Isoelectric points of PtrPO21 and other lignin peroxidases

Peroxidases Species Protein length M.W. (kDa) pI Type References

PtrPO21 P. trichocarpa 331 37 5.87 Anionic this article

prxA3a P. sieboldii x P. grandidentata 347 37.1 4.44 Anionic Osakabe et al. 1994

FBP1 P. vulgari 340 36.5 5.75 Anionic Zimmerlin et al. 1994

PXP3-4 P. trichocarpa 343 36.7 4.47 Anionic Christensen et al. 1998

TPX1 L. esculentum 328 35.9 7.66 Cationic El Mansouri et al. 1999

ATP-A2 A. thaliana 335 35 4.72 Anionic Ostergaard et al. 2000

CWPO-C P. alba 324 34.6 8.66 Cationic Aoyama et al. 2002

TP60 N. tabacum 326 37.2 8.89 Cationic Blee et al. 2003

Zeprx Z. elegans 321 34.2 8.61 Cationic Gabaldon et al. 2005

ZPO-C Z. elegans 316 34.8 8.80 Cationic Sasaki et al. 2006
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show high sequence identity (50–60 %) to FBP1 and ATP-A2
from Arabidopsis, but none of the known poplar lignin perox-
idases (prxA3a from hybrid aspen, PXP3-4 from
P. trichocarpa and CWPO-C from P. alba) is similar to
PtrPO21.

A phylogenetic analysis was performed with PtrPO21 and
the 73 class III peroxidases in Arabidopsis (AtPrxs) (Fig. 4).
Among the 73 class III peroxidases in Arabidopsis, all lignin
peroxidases previously identified in Arabidopsis (AtPrx53,
AtPrx2, AtPrx25, AtPrx71, and AtPrx72) show low amino
acid identity to PtrPO21 (29.5–37.2 %). Of 73 AtPrxs,

PtrPO21 shows highest identity to AtPrx21 (69.3 %), which
is a peroxidase expressed in roots, leaves, and stems. AtPrx21
had been identified in a study of abiotic or biotic stresses in
Arabidopsis, but a role in lignification needs to be investigated
(Tognolli et al. 2002; Cosio and Dunand 2009).

PtrPO21 is a cell wall-bound peroxidase

Similar to ATP-A2 and ZePrx, which are known cell wall-
associated peroxidases (Ostergaard et al. 1998; Barcelo et al.
2007), PtrPO21 also lacks a C-terminal extension peptide
(Fig. 3a). To confirm a cell wall localization for PtrPO21,
absolute quantification by protein cleavage-isotope dilution
mass spectrometry (PC-IDMS) was performed (Shuford
et al. 2012) on the proteins in the cell wall and soluble frac-
tions of SDX. PtrPO21was only found in the cell wall fraction
of SDX, while Ptr4CL3, a major soluble monolignol biosyn-
thetic enzyme, was only found in the soluble SDX fraction
(Fig. 5). The location of PtrPO21 in the cell wall is supporting
evidence for a function in lignin polymerization. To obtain
further support for a function of PtrPO21 in lignification, we
next investigated the consequence of downregulation of
PtrPO21 using RNA interference (RNAi) transgenesis.

PtrPO21 downregulated transgenics in P. trichocarpa
have reduced growth and reddish internodes in the stem
wood

An RNAi construct was prepared containing an inverted re-
peat from a specific region of the PtrPO21 gene under the
control of the Ptr4CL3 promoter as in our previous work
(Wang et al. 2014). The construct was transformed into
P. trichocarpa (Song et al. 2006) and six independent trans-
genic lines were obtained (Fig. 6). Three lines (PtrPO21-8,
PtrPO21-9, and PtrPO21-10) were selected for further

Table 2 Amino acid sequence
identity (%) of PtrPO21 and other
lignin peroxidases

TPX1 FBP1 ZPO-
C

ZePrx TP60 ATP-
A2

prxA3a PXP3-
4

CWPO-
C

PtrPO21

TPX1 100.0

FBP1 37.3 100.0

ZPO-C 40.6 36.5 100.0

ZePrx 35.4 38.2 34.8 100.0

TP60 32.2 31.4 34.7 32.3 100.0

ATP-A2 38.3 53.7 35.8 41.2 32.7 100.0

prxA3a 38.0 58.7 35.4 38.5 30.4 60.6 100.0

PXP3-4 35.8 54.3 34.1 38.1 29.7 54.2 66.1 100.0

CWPO-
C

41.6 35.9 36.9 37.3 32.4 41.7 39.4 37.9 100.0

PtrPO21 33.5 29.4 32.0 33.2 53.9 32.4 30.7 31.4 28.7 100.0

Gene accession number: TPX1 (L13654), FBP1 (AF149277), ZPO-C (AB023959), ZePrx (AJ880392), TP60
(AF149251), ATP-A2 (X99952), prxA3a (Q43049), PXP3-4 (X97350), CPWPO-C (AB210901)

Fig. 4 Phylogenetic analysis of the PtrPOs, poplar lignin peroxidases
(CWPO-C, prxA3a, and PXP3-4), Arabidopsis lignin peroxidases
(ATP-A2, AtPrx2, AtPrx 25, AtPrx71, and AtPrx72) and all class III
peroxidases in Arabidopsis. PtrPO21 belongs to a clade that is separate
from prxA3a in P. sieboldii x P. grandidentata, PXP3-4 in P. trichocarpa
and CWPO-C in P. alba
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analysis because they showmedium- and high-level downreg-
ulation of PtrPO21 transcript abundance. The specificity of
the PtrPO21 RNAi downregulation was tested using real-
time PCR. For the four most xylem-abundant class III perox-
idases (PtrPO12, PtrPO21, PtrPO42, and PtrPO64) in SDX,
only the transcript level of PtrPO21 was significantly down-
regulated (Supplemental Figure S1). Two lines of 6-month-
old PtrPO21 downregulated transgenics (PtrPO21-8 and
PtrPO21-9) with PtrPO21 transcript reduced to as little as

Pink or red internodes of stem wood were observed when
PtrPO21 was downregulated compared to the pale yellow col-
or of the wild-type stems (Fig. 8d). The PtrPO21-10 line with
PtrPO21 transcript reduced to ~40 % of wild type showed
pink color in the stem wood (Fig. 8c) and both PtrPO21-8
and PtrPO21-9 (~5 % of wild-type transcript abundance)
showed reddish color (Fig. 8a, b). Both PtrPO21-8 and
PtrPO21-9 have shorter internodes than wild type (distance
between arrows in Fig. 8) and gross morphology of the stem
sections did not show any other obvious differences compared

to wild type (data not shown). The extractive free wood pow-
der of the PtrPO21 downregulated transgenics also showed
brownish color compared to the pale yellow color of wild type
(Supplemental Figure S2). Moreover, transgenic downregula-
tion of the other three most xylem-abundant peroxidases
(PtrPO12, PtrPO42, or PtrPO64) had neither significant lignin
reduction nor pink or red color of the stems (Supplemental
Figure S3A and S3B). Therefore, the growth, lignin content,
and wood phenotype are likely to be effect of the
downregulation of PtrPO21, and not the result of off-
target effects of the RNAi construct on the other SDX-
specific peroxidase transcripts, or to cryptic insertions
affecting non-peroxidase genes.

Fig. 5 Cellular localization of PtrPO21 and Ptr4CL3 using protein
cleavage-isotope dilution mass spectrometry (PC-IDMS). a PtrPO21, b
Ptr4CL3. Two wild-type trees were used for localization. Ptr4CL3 is a

marker for the soluble fraction. The white bar is the cell wall fraction; the
black bar is the soluble fraction. Error bars represent one SE obtained
from three measurements of each sample. N.D. non-detectable

Fig. 6 Transcript abundance of PtrPO21 in PtrPO21 downregulated
P. trichocarpa transgenics. Error bars represent one SE obtained from
three measurements of each sample

Fig. 7 Reduced growth phenotype in PtrPO21 downregulated
P. trichocarpa transgenics. a Height. b Diameter. Error bars represent
one SE obtained from three measurements of each line. Error estimate is
based on Student’s t test (*p< 0.05)
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Cell wall component analysis of PtrPO21 downregulated
transgenics

To further investigate whether downregulation of PtrPO21
affects lignification and wood composition in P. trichocarpa,
the stems of the transgenic and wild-type trees were analyzed
for lignin and carbohydrate content. Compared to the wild type,
the lignin content of the three lines, PtrPO21-8, PtrPO21-9, and
PtrPO21-10, showed reduced Klason (acid insoluble) lignin con-
tent ranging from 17.8 to 23.2 % reduction (p<0.001; Table 3).
Total lignin content was also significantly reduced (p<0.001;
Table 3) in all PtrPO21 downregulated transgenics. No signifi-
cant change was observed in the minor fraction of acid soluble
lignin. This result adds support to the evidence that PtrPO21 has
a role in lignification in P. trichocarpa. Xylan content was sig-
nificantly increased (p<0.005; Table 3), and the content of man-
nan was significantly decreased (p<0.05; Table 3). Cellulose,
arabinan, and galactan content had no significant changes.
Similar changes in cell wall components were also observed
when laccases in P. trichocarpa were downregulated (Lu et al.
2013), suggesting that both types of oxidases have similar func-
tions in plant cell wall biosynthesis.

Mechanical properties of the wood of PtrPO21
downregulated transgenics

To examine the effect of PtrPO21 downregulation on mechan-
ical properties of wood, we determined the modulus of elas-
ticity (MOE) using three point bending (Horvath et al. 2010).
MOE reveals the resistance of the stem to bending, which
estimates the elasticity. All stem wood samples from
PtrPO21 downregulated transgenics showed significantly
lower MOE (37–60 %) than the wild type (Fig. 9), which
means that the strength of the wood in PtrPO21 downregulat-
ed transgenics had significantly decreased.

Lignin composition of PtrPO21 downregulated
transgenics

To determine whether the decrease in MOE results from al-
tered lignin composition in the PtrPO21 downregulated trans-
genics, the lignin composition of wild type and PtrPO21
downregulated transgenics was examined by nitrobenzene oxi-
dation. In wild type, the ratio of syringyl (S) to guaiacyl (G)
subunits is 2.1, and with trace amounts (0.5 %) of 4-
hydroxyphenyl (H) subunits (Table 4). The S subunits are repre-
sented by the sum of syringaldehyde and syringic acid, and the
sum of vanillin and vanillic acid represents the G subunits. In
PtrPO21-10 (transcript abundance reduced to ~40 % of wild
type), the S subunits were reduced by 10.1 %, while the G
subunit content was similar to wild type. In the severe PtrPO21
downregulated transgenic lines (PtrPO21-8 and PtrPO21-9), S
subunits were reduced by 20 % and G subunits were decreased
by around 10 % (Table 4). In angiosperm wood, such as
P. trichocarpa, fiber cell lignin mainly contains S subunits. The
reduction of S subunits may account for the reduction in the
elasticity of the plant cell walls, as we observe in the reduction
of the MOE (Fig. 9). Moreover, H subunits increased ~3-fold in

Fig. 8 Red internodes of stem wood in PtrPO21 downregulated
P. trichocarpa transgenics. a PtrPO21-8 transgenic. b PtrPO21-9
transgenic. c PtrPO21-10 transgenic. d Wild type. The nodes are
indicated by arrows

Table 3 Lignin and
polysaccharide composition in
cell walls of PtrPO21 transgenics
and wild-type P. trichocarpa

Wild type PtrPO21-8 PtrPO21-9 PtrPO21-10 Prob> |t|

Lignina

Klason 16.8 ± 0.2 13.2 ± 0.1 12.9 ± 0.2 13.8 ± 0.1 <0.001

Acid-Soluble 3.7 ± 0.0 4.0 ± 0.2 4.0 ± 0.2 3.6 ± 0.2 0.242

Total 20.5 ± 0.2 17.2 ± 0.3 16.9 ± 0.0 17.4 ± 0.2 <0.001

Polysaccharidea

Arabinan 0.8 ± 0.1 0.7 ± 0.0 0.7 ± 0.0 0.7 ± 0.3 0.559

Xylan 16.1 ± 0.1 17.5 ± 0.3 16.9 ± 0.1 18.0 ± 0.1 0.003

Mannan 2.4 ± 0.1 1.7 ± 0.0 1.7 ± 0.1 2.1 ± 0.4 0.023

Galactan 1.9 ± 0.3 1.4 ± 0.3 1.7 ± 0.1 2.2 ± 0.3 0.482

Glucan 44.9 ± 0.7 45.0 ± 0.1 44.9 ± 0.4 45.5 ± 0.3 0.844

Values are means ± one SE (n = 2 for lignin and polysaccharide analysis). Prob > |t| value in italics indicates
significant changes using JMP analysis (p< 0.05)
a Values are percentage of vacuum-dried and extractive-free wood weight
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PtrPO21 downregulated transgenics (Table 4). The increase in H
subunits is known to result in lower molecular weight lignin
polymers and more easily deconstructed biomass, which may
also contribute to the lower MOE (Sangha et al. 2014); Fig. 9).

Differentially expressed genes (DEGs) in the PtrPO21
downregulated transgenics

Functional redundancy is expected among the class III perox-
idase and laccase families in P. trichocarpa; therefore, we
performed transcriptome analysis to identify any differentially
expressed oxidases (peroxidases or laccases) in PtrPO21
downregulated transgenics, which may compensate for the
reduction of PtrPO21. One of the 42 xylem-abundant class
III peroxidases, PtPrx35, had significant overexpression
(Table 5). PtPrx35 has 73.9 % amino acid sequence identity

to AtPrx17 in Arabidopsis, and AtPrx17 had been suggested
to have a role in lignification for pod shattering (Cosio and
Dunand 2009; Cosio and Dunand 2010). None of the 49 gene
models of P. trichocarpa laccases (PtrLACs) had significant
transcript changes in any of the PtrPO21 downregulated trans-
genics (Supplemental Table S3). Of the 21 monolignol bio-
synthetic enzymes, P. trichocarpa phenylalanine ammonia-
lyase 3 (PtrPAL3) showed significant overexpression in all
PtrPO21 downregulated transgenic lines (Supplemental
Table S4), suggesting specific and novel regulation involving
these genes in lignin biosynthesis.

Discussion

Class III peroxidases have been considered to play important
roles in lignification (Nakamura 1967; Harkin and Obst 1973;
Whetten et al. 1998; Cosio and Dunand 2009). Because of the
large gene family and the functional redundancy of the class
III peroxidases, only a few specific cationic or anionic perox-
idases involved in lignification have been identified and iso-
lated from plant cell walls or plant suspension cells (Imberty
et al. 1985; Lagrimini et al. 1987; Polle et al. 1994; Sato et al.
1995; Christensen et al. 1998; Barceló et al. 2004; Gabaldon
et al. 2005; Sato et al. 2006). Using computational and struc-
tural simulation, several Arabidopsis class III peroxidases
have been identified and validated using Arabidopsismutants
(Ostergaard et al. 1998; Nielsen et al. 2001; Tokunaga et al.
2009; Herrero et al. 2013a, b; Shigeto et al. 2013). In woody
plants such as poplar, the identity of lignin peroxidases was
still inconclusive (Christensen et al. 2001a; Tamura et al.
2001; Li et al. 2003b). Identification of lignin peroxidases in

Table 4 Lignin composition of
PtrPO21 transgenics and wild-
type P. trichocarpa

Molar ratio %a Wild type PtrPO21-8 PtrPO21-9 PtrPO21-10

4-Hydroxybenzaldehyde 0.5 ± 0.0 1.4 ± 0.0 1.6 ± 0.0 1.7 ± 0.0

4-Hydroxybenzoic acid –e –e –e –e

Vanillin 14.9 ± 0.7 12.5 ± 0.2 12.4 ± 0.2 14.5 ± 0.7

Vanillic acid 1.8 ± 0.1 2.4 ± 0.2 2.7 ± 0.2 2.0 ± 0.1

Syringaldehyde 29.5 ± 1.6 23.4 ± 0.4 24.5 ± 0.0 27.3 ± 1.2

Syringic acid 5.1 ± 0.0 3.7 ± 0.1 4.0 ± 0.0 3.8 ± 0.0

Hb 0.5 ± 0.0 1.4 ± 0.0 1.6 ± 0.0 1.7 ± 0.0

Vc 16.7 ± 0.0 14.9 ± 0.5 15.1 ± 0.5 16.5 ± 1.0

Sd 34.5 ± 1.6 27.2 ± 0.4 28.5 ± 0.0 31.1 ± 1.2

S/V ratio 2.1 ± 0.0 1.8 ± 0.0 1.9 ± 0.0 1.9 ± 0.0

H/V ratio 0.04 ± 0.00 0.13 ± 0.00 0.14 ± 0.00 0.14± 0.00

a Results are means ± one SE (n= 2), assuming that lignin’s C9 molecular mass is 210 g/mole
b Sum of 4-hydroxybenzaldehyde and 4-hydroxybenzoic acid
c Sum of vanillin and vanillic acid
d Sum of syringaldehyde and syringic acid
e Below detection limits

Fig. 9 Modulus of elasticity (MOE) of PtrPO21 downregulated
transgenic stem wood. Error bars represent one SE obtained from three
measurements of each line. Error estimate is based on Student’s t test
(*p < 0.05)
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P. trichocarpa is important to understand the complete lignin
biosynthetic pathway in a model woody plant and to design

better strategies to reduce recalcitrance of biomass for pulp/
paper and biofuel production.

Table 5 Transcript abundance of the xylem-abundant P. trichocarpa peroxidases in PtrPO21 downregulated transgenics

Gene Potri.
Accession
number

Log2FC
(PtrPO21-8)

FDR
(PtrPO21-8)

Log2FC
(PtrPO21-9)

FDR
(PtrPO21-9)

Log2FC
(PtrPO21-10)

FDR
(PtrPO21-10)

PtrPO12 004G015300 0.3 1.00 0.6 0.33 0.3 1.00

PtrPO21 006G129900 −5.1 <0.01 −5.6 <0.01 −1.7 <0.01

PtrPO42 005G195600 −0.4 0.99 −0.2 1.00 −0.3 1.00

PtrPO64 005G108900 0.0 1.00 0.3 0.91 −0.1 1.00

PtPrx01 003G214700 −0.3 1.00 −0.2 1.00 −0.1 1.00

PtPrx03 001G013000 0.2 1.00 0.4 1.00 −2.2 0.02

PtPrx04 004G134800 0.3 0.98 0.9 0.01 0.7 0.11

PtPrx07 004G052100 −0.8 0.93 −0.4 1.00 −0.4 1.00

PtPrx15 010G036100 0.9 1.00 −1.5 1.00 0.7 1.00

PtPrx18 001G351000 −1.1 0.21 −0.6 0.56 −1.2 0.02

PtPrx19 001G182400 −1.8 0.30 −1.5 0.18 −2.1 0.04

PtPrx22 001G011300 −2.9 0.37 −0.7 1.00 −1.8 0.44

PtPrx25 017G038100 1.5 0.26 1.9 0.03 0.5 1.00

PtPrx26 017G037900 0.0 1.00 −0.1 1.00 −0.3 1.00

PtPrx27 007G122100 0.1 1.00 0.7 0.95 −0.4 1.00

PtPrx30 007G019300 2.4 <0.01 0.6 0.97 −0.6 1.00

PtPrx33 001G011000 −0.1 1.00 0.6 1.00 −1.9 0.69

PtPrx35 007G096200 1.4 <0.01 1.3 <0.01 2.4 <0.01

PtPrx37 007G132800 −0.2 1.00 −0.2 1.00 0.0 1.00

PtPrx41 013G156500 −0.6 1.00 0.6 0.94 −0.2 1.00

PtPrx47 010G236900 −0.1 1.00 −1.6 1.00 1.4 1.00

PtPrx50 018G131600 −0.8 1.00 −0.7 1.00 −1.6 0.87

PtPrx57 005G195700 0.1 1.00 0.1 1.00 −1.3 0.33

PtPrx58 005G135300 −4.7 0.97 0.4 1.00 −0.5 1.00

PtPrx59 005G072800 −0.5 0.80 −0.1 1.00 −0.1 1.00

PtPrx60 018G136900 −0.7 0.51 −0.5 0.50 −0.2 1.00

PtPrx64 011G062300 −0.3 1.00 −0.2 1.00 0.1 1.00

PtPrx65 002G018000 −0.7 1.00 −0.1 1.00 −2.1 0.02

PtPrx66 002G031200 0.1 1.00 −2.7 0.69 −2.5 0.78

PtPrx67 002G065300 0.4 1.00 0.6 1.00 −1.8 0.28

PtPrx70 004G144600 −0.3 1.00 0.1 1.00 −0.2 1.00

PtPrx72 016G058200 −3.2 1.00 1.8 0.93 0.9 1.00

PtPrx73 016G132700 −0.8 1.00 0.7 1.00 −1.1 1.00

PtPrx76 T163200 0.3 1.00 −1.5 1.00 0.7 1.00

PtPrx78 006G069600 0.1 1.00 1.9 0.32 1.0 1.00

PtPrx79 006G267400 −0.7 1.00 −1.1 0.95 −0.9 1.00

PtPrx82 017G064100 −3.2 1.00 −3.2 1.00 −3.2 1.00

PtPrx83 001G145800 0.0 1.00 0.3 1.00 0.8 0.59

PtPrx94 007G053400 0.4 1.00 −0.2 1.00 0.0 1.00

PtPrx98 003G214800 0.2 1.00 0.5 1.00 −0.4 1.00

PtPrx99 001G011200 0.1 1.00 0.4 1.00 −1.1 1.00

PtPrx100 001G011500 −2.8 0.84 −1.1 1.00 −5.9 0.11

False discovery rate (FDR)< 0.05 are in italics

FC fold change
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Class III peroxidases involved in lignification

Identification of peroxidases with high amino acid similarity
to other lignin peroxidases among plant species has led to the
discovery of new lignin peroxidases (Tokunaga et al. 2009;
Herrero et al. 2013a; Shigeto et al. 2013). For example,
AtPrx2, AtPrx25, and AtPrx71 are closely related to
CWPO-C. AtPrx66, AtPrx47, and AtPrx64 are closely related
to ZPO-C, and AtPrx72 is very similar to ZePrx. However,
PtrPO21 is unusual because of the low amino acid identity
(30 %) compared to other lignin peroxidases (Table 2) and it
is also distinct from TP60 (Table 1).

Several studies of recombinant peroxidases revealed that
both cationic and anionic peroxidases are able to oxidize
coniferyl alcohol or sinapyl alcohol, but with different prefer-
ences. The anionic peroxidase, ATP-A2, prefers coniferyl al-
cohol (Ostergaard et al. 2000; Nielsen et al. 2001) and the
cationic peroxidases, ZePrx and CWPO-C, prefer sinapyl al-
cohol (Tsutsumi et al. 1998; Aoyama et al. 2002; Sasaki et al.
2004; Gabaldon et al. 2005; Sasaki et al. 2006; Sasaki et al.
2008). ZPO-C, a cationic peroxidase, shows activity for
sinapyl alcohol as well as coniferyl alcohol (Sato et al. 2006)
and the anionic peroxidases, PXP3-4 and TPX1, show
syringaldazine-oxidizing activity (Christensen et al. 1998;
Quiroga et al. 2000; Christensen et al. 2001b). In fact, the closest
homolog to TP60 in P. trichocarpa is PtrPO12 (see note in
Supplemental Table S2), which has 80.7 % amino acid identity
and is also a cationic peroxidase with a pI of 7.73. However, the
PtrPO12 downregulated P. trichocarpa did not show a reduction
in lignin content (Supplemental Figure S3A).

PtrPO21 is distinct from previously identified poplar peroxi-
dases, the PXP3-4, prxA3a, and CWPO-C (Table 2). Among the
88 class III peroxidases, PXP3-4 showsmost identity to PtPrx03.
PrxA3a has most sequence identity to PtPrx98, and PtPrx75 is
the closest homolog to CWPO-C. PtPrx03, PtPrx98, and PtPrx75
were not studied here because they are not xylem-abundant or
xylem-specific in P. trichocarpa.

PtrPO21 possesses structural motifs similar
to G- and S-specific peroxidases

Anionic peroxidase ATP-A2 is a well-studied G-specific per-
oxidase in Arabidopsis (Ostergaard et al. 2000; Nielsen et al.
2001; Barceló et al. 2004). The amino acids P69, I138, P139,
S140, and R175 are key determinants of the conformation and
hydrophobicity of the ATP-A2 substrate-binding site
(Ostergaard et al. 2000). The oxidation of sinapyl alcohol is
thought to be sterically hindered due to unfavorable hydro-
phobic interactions between the sinapyl alcohol methoxy side
chain and the conserved I138 and P139 residues at the
substrate-binding site (Ostergaard et al. 2000). PtrPO21 has
conserved the I138 and P139 residues, suggesting that
PtrPO21 may prefer coniferyl alcohol, as a G-specific

peroxidase (2nd red box in Fig. 3). However, PtrPO21 also
has the structural motif VSCAD, which is characteristic of an
S peroxidase, where G peroxidases have a structural motif of
VSCSD (green box in Fig. 3a) (Gomez Ros et al. 2007).
Therefore, PtrPO21 has characteristics of both G and S per-
oxidases, which may explain why both G and S subunits are
decreased in PtrPO21 downregulated transgenics (Table 4).

Reddish internodes of stems in PtrPO21 downregulated
transgenics

Reddish stem wood has been observed previously in mutant or
transgenic plants when the monolignol biosynthetic pathway is
downregulated. The most prominent reddish stem phenotype is
observed when cinnamyl alcohol dehydrogenase (CAD) is
downregulated or silenced in maize brown midrib (bm) or sor-
ghum (bmr) mutants (Grand et al. 1985; Pillonel et al. 1991;
Halpin et al. 1998; Zhang et al. 2006), tobacco (Higuchi et al.
1994; Ralph et al. 1998), poplar (Baucher et al. 1996), loblolly
pine (MacKay et al. 1997; Ralph et al. 1997;MacKay et al. 1999;
Lapierre et al. 2000) and Arabidopsis (Sibout et al. 2005). In
addition to CAD, the reddish color of stems is also observed in
mutant or transgenics with reduced activity of 4CL (Voelker et al.
2010; Xu et al. 2011), caffeic acidO-methyltransferase (COMT)
(Vignols et al. 1995), cinnamoyl-CoA reductase (CCR) (Van
Acker et al. 2014), or caffeoyl-coenzyme A-O-methyltransferase
(CCoAOMT) (Meyermans et al. 2000). The reddish color is
considered to result from the polymerization of the
hydroxycinnamaldehydes in the transgenics or incorporation of
novel monolignol monomers (Saathoff et al. 2011; Kaur et al.
2012). Hydroxycinnamaldehydes can form a wine-red dehydro-
genation polymer in vitro (Higuchi et al. 1994).

In this study, the reddish color of the stem internode is
observed when PtrPO21 is downregulated (Fig. 8). This red-
dish phenotype in the PtrPO21 downregulated transgenics has
not been reported for a downregulated lignin peroxidase. The
reddish coloration of the stem may also be a consequence of
lignin polymerization in P. trichocarpa (Voelker et al. 2010).
The color is retained in extracted wood powder and therefore
is not due to a soluble component.

The role of peroxidases and laccases in lignin
polymerization

In early studies, the role of peroxidase was considered to be
more likely than laccase in the lignification because of the lack
of detection of laccase activity in some plants (Nakamura
1967; Harkin and Obst 1973). Lignification requires the pres-
ence of hydrogen peroxide (Kärkönen et al. 2002) and the first
downregulation of laccase in poplar showed no change in
lignin content (Ranocha et al. 2002). Moreover, peroxidase
has far higher specific activities with phenolic substrates com-
pared to laccase (Wallace and Fry 1999).
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However, a role for laccase in lignification was re-
examined in 1983 because of improved procedures for iden-
tification of laccase in Acer pseudoplatanus (Bligny and
Douce 1983; Sterjiades et al. 1992), but laccase was still sug-
gested to be involved only in the early stages of lignification.
Laccase activity was then detected and correlated with ligni-
fication in several plants (Driouich et al. 1992; Bao
et al. 1993; O’Malley et al. 1993; Dean and Eriksson
1994; Liu et al. 1994; Richardson and McDougall 1997;
Richardson et al . 2000; Sato et al . 2001) . In
Arabidopsis, a triple mutant of LAC4, LAC11 and
LAC17 dramatically reduced lignin deposition and
arrested plant growth (Zhao et al. 2013). In P. trichocarpa,
overexpression of a microRNA (Ptr-mirRNA397) downregu-
lated 17 PtrLACs and reduced Klason lignin content as much
as 22 % below the wild-type level (Lu et al. 2013). Therefore,
both peroxidases and laccases should be considered important
for lignification in P. trichocarpa.

In this study, we identified a new peroxidase PtrPO21 in-
volved in lignin biosynthesis and validated its involvement by
downregulation in transgenic P. trichocarpa affecting lignin
content and composition. Because of the high level of gene
redundancy in the PtrPO family, we cannot exclude the pos-
sibility that other PtrPOs expressed in xylem may also play
roles in lignin biosynthesis. We suggest the involvement
of other oxidases for lignin biosynthesis because lignin
content can be reduced up to ~22 % by downregulation
of Ptr-mirRNA397 and ~20 % by downregulation of
PtrPO21. To identify more lignin peroxidases in
P. trichocarpa, downregulation transgenics could be
generated for multiple peroxidases or combinations of
peroxidase and laccase genes.

Materials and methods

Plant materials

As in our previous work, stem differentiating xylem (SDX)
was collected from 6-month-old P. trichocarpa (Nisqually-1).
Our wild type and PtrPO transgenic plants maintained in a
greenhouse following Li et al. (2011).

Identification of class III peroxidases in P. trichocarpa
and phylogenetic analysis

The class III peroxidases of A. thaliana and P. trichocarpa
were retrieved from PeroxiBase (http://peroxibase.toulouse.
inra.fr/). Class III peroxidases of P. trichocarpa from the
latest publication were also used for comparison (Ren et al.
2014). Amino acid alignment was performed using Vector
NTI software (Invitrogen, Grand Island, NY) (Lu and
Moriyama 2004). Phylogenetic analysis was carried out using

MEGA 5.1 (Tamura et al. 2011) with a bootstrap resampling
of 1000 replicates and probabilities >50 %.

RNA extractions

Fifty to 100 mg of xylem, phloem, leaf, or young stem frozen
powder was used to purify total RNA using the RNeasy Plant
RNA Isolation Kit (Qiagen, Limburg, Netherlands) following
the manufacturer’s protocol with a DNase on-column diges-
tion. A260/A280 ratios of the RNA ranged from 1.9 to 2.1,
and RNA integrity was estimated using an Agilent 2100
Bioanalyzer. RNA integrity numbers (RIN) ranged from 8.6
to 10.0.

Transcriptome (RNA-seq) and differentially expressed
gene analysis

RNA-seq and differentially expressed gene (DEG) analysis
follow our previous methods (Lu et al. 2013). We use the term
Bdifferentially expressed gene (DEG)^ following common us-
age, although we are aware that what is measured are changes
in transcript abundance, which may also be due to changes in
processing or degradation. For stem differentiating xylem
(SDX) and tissue-specific P. trichocarpa peroxidase analysis,
1 μg RNA from SDX, leaf, phloem, and young stem of three
wild-type plants were used. For transcriptome analysis of
PtrPO21 transgenics, 1 μg of RNA from 2 trees from each
transgenic line or wild-type P. trichocarpa was used, except
for PtrPO21-8 where only one plant was available. Following
the RNA-seq library preparation (Illumina, San Diego, CA),
mRNA was purified using poly-T oligo-attached magnetic
beads. The mRNA was then fragmented, reverse transcribed
into double-strand cDNA, followed by end repair and 3′ end
adenylation. The cDNA was ligated with multiplex adapters
and PCR amplified to produce the RNA-seq libraries. The
RNA-seq libraries were adjusted to 1 nM and pooled for mul-
tiplex sequencing on a Hiseq 2000 (Illumina, San
Diego, CA). DEG analysis also followed Li et al.
(2011). The resulting sequences were mapped to the
P. trichocarpa genome v2.0, gene annotation v2.2
(www.phytozome.org) using TOPHAT (Trapnell et al.
2009). The frequency of raw counts was determined
by BEDtools and normalized using the trimmed mean
of M value (TMM), a scaling normalization method for
analysis of differential gene expression (Quinlan and
Hall 2010; Robinson et al. 2010). The genes with
counts lower than 15 per million per library were fil-
tered out. DEGs were obtained by pairwise comparisons
of transgenic and wild-type libraries using edgeR/
Bioconductor (Robinson et al. 2010). The statistical sig-
nificance of DEGs is based on a false discovery rate
(FDR) of 0.05.
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Absolute quantification of PtrPO21 from cell
fractionation using protein cleavage-isotope dilution mass
spectrometry (PC-IDMS)

The extraction of xylem crude protein followed Shuford et al.
(2012). Six grams of xylem tissue was ground in liquid nitro-
gen followed by 2 min of homogenization in 30 mL of
extraction buffer on ice. Cellular debris was pelleted by
centrifugation for 15 min at 3000×g at 4 °C, and the
supernatant was collected as a soluble fraction. The pel-
let was prepared as in Aoyama et al. (2002) with little
modification. The pellet was washed four times with
50 mM Tris-HC1 buffer (pH 7.5) to ensure the removal
of the soluble protein. The resulting cell wall residue
was incubated in the same buffer plus 1 M NaC1 to
extract ionic-bound cell wall peroxidases. After centrifu-
gation at 10,000×g at 4 °C, the supernatant was collect-
ed as the cell wall fraction. Absolute abundances of
PtrPO21 and Ptr4CL3 in the soluble and cell wall frac-
tion were obtained by PC-IDMS using labelled surro-
gate peptides following Shuford et al. (2012) and
implementing our recently optimized digestion condi-
tions for absolute quantification of proteins (Loziuk
et al. 2013). To enhance sensitivity towards these target
proteins, only PtrPO21 and Ptr4CL3 were targeted in
the selected reaction monitoring assay. Peptides were
confirmed to be quantifiable based on co-elution of la-
belled and native peptides as well as co-elution of spe-
cific fragments. Purity of these fragments was further
confirmed based on the expected relative abundance of
these fragments to one another above a threshold value.

RNA-interference (RNAi) plasmid constructions
and plant transformation

An RNA-silencing construct about 300 base pairs, with an
inverted repeat specific to PtrPO21, was prepared as in our
previous study (Wang et al. 2014). A 680-bp GUS linker (GL)
was amplified with a specific pair of primers (Li et al. 2011)
and cloned into the pCR2.1 vector, resulting in pCR2.1-GL.
The inverted repeats consisted of chimeric sequences from
specific target genePtrPOs obtained using specific primer sets
(Supplemental Table S5). The sense and antisense fragments
were inserted into pCR2.1-GL to produce pCR2.1-sense-GL-
antisense. The sense-GL-antisense fragment was then cloned
into pBI121-Ptr4CLp behind the P. trichocarpa 4-coumaric
acid: coenzyme A (CoA) ligase (4CL) promoter (Ptr4CLp)
replacing the GUS gene. The construct was introduced into
Agrobacterium tumefaciens (C58) by the freeze thaw method
(Holsters et al. 1978) and transferred into P. trichocarpa
(Nisqually 1) following our established method for
Agrobacterium-based transformation (Song et al. 2006).

Real-time PCR (RT-PCR)

Gene-specific primer sets were designed for PtrPO12,
PtrPO21, PtrPO42, and PtrPO64 (Supplemental Table S5).
RT-PCR was performed following Li et al. (2011). Total
RNA (150 ng) was reverse-transcribed using TaqMan reverse
transcription reagents (Life Technologies, Grand Island, NY).
Real-Time PCR (RT-PCR) reactions were carried out in a
25-μL mixture of first strand cDNA (equivalent to 5 ng of
total RNA), 5 pmol of specific primer sets, and 12.5 μL of
2X SYBR green PCR master mix (Roche, Basel,
Switzerland). The products of the RT-PCR were detected
using the 7900 HT Sequence Detection System (Life
Technologies, Grand Island, NY). The program of RT-PCR
is: 95 °C for 10min, then 45 cycles of 95 °C for 15 s and 60 °C
for 1 min, after which a thermal denaturing cycle was added to
determine the dissociation curve of the PCR products to check
the amplification specificity.

Lignin content and carbohydrate determination

The procedure followed our lab protocol (Lu et al. 2013).
Debarked stems were placed in 100 % acetone and held
for 2 days at room temperature to remove extractives.
The acetone was replaced three times by 90 % acetone
at 48-h intervals. After drying, wood was ground in a
Wiley mill with a 40-mesh screen and the wood powder
was further screened between 40 mesh and 60 mesh.
The resulting wood meal (40–60 mesh) was used for
lignin content determination to estimate acid-soluble lig-
nin (ASL), acid-insoluble lignin (Klason lignin), and the
total lignin (ASL plus Klason lignin) (Yeh et al. 2005).
Oven-dried wood powder (100 mg) was mixed with
1.5 mL of 72 % sulfuric acid for 90 min and then
diluted to 57.5 mL with distilled water. The suspension
was heated at 121 °C for 150 min, then filtered through
a crucible. The supernatant was collected for ASL and
carbohydrate analysis. The residual lignin in the crucible
was used to measure the acid-insoluble lignin by
weight. For ASL, the filtrate solution was 10-fold dilut-
ed with distilled water and absorbance measured at
205 nm. The extinction coefficient for ASL is
110 g−1·cm−1 at 205 nm (Dence 1992). For carbohy-
drate analysis, the filtrate without dilution was neutral-
ized with calcium carbonate overnight at room temper-
ature. Then, the neutralized solution was further filtered
and the filtrate was analyzed using analytical HPLC
(Shodex SUGAR SPO 810, 8 × 30 mm, Pb2+ cation
exchange column, Showa Denko America, Inc., NY)
with distilled water as eluent, at a flow rate of
0.5 mL/min, at 80 °C. Sugars were identified by refrac-
tive index based on authentic compounds.
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Nitrobenzene oxidation for lignin composition

Following Chen (1992), 200 mg of oven-dried extractive free
wood powder was used to determine the lignin compo-
sition using nitrobenzene oxidation. Following oxida-
tion, 5 μL of sample was analyzed by analytical
HPLC using a Zorbax SB-C3 5 μm, 4.6 × 150-mm col-
umn (Agilent, Santa Clara, CA). Analysis of reactions
was carried out using an HPLC gradient (solvent A,
10 mM formic acid in water; solvent B, 10 mM formic
acid in acetonitrile; 10 % B for 3 min, 10 to 20 % B
for 5 min, 20 to 30 % B for 6 min, 30 to 100 % B for
2 min, 100 % B for 2 min; flow rate: 1.5 mL/min, at 40 °C). A
standard curve was established using a Diode-Array Detector
SL (Agilent, Santa Clara, CA) based on authentic compounds
of 4-hydroxybenzoic acid, 4-hydroxybenzaldehyde, vanillic
acid, syringic acid, vanillin, and syringaldehyde (Liu et al.
2012).

Mechanical Properties of Wood

About 20-cm-long stem sections were cut from the bottom of
the stems of the transgenic trees. The stems were kept in plas-
tic bags to prevent drying. One segment with a length-to-
width ratio of 22 was cut from each stem section and debarked
before measuring the mechanical properties. A three-point
bending test was conducted to measure the modulus of elas-
ticity (MOE) by an MTS Alliance RF/300 universal mechan-
ical tester (Li et al. 2011).
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